[1] The advent of new microanalytical techniques such as electron microprobe mapping (EMP) and laser ablation microsamplers coupled to mass spectrometers (LA-ICP-MS) provides a new array of possibilities to explore in great detail the trace elements distribution in foraminiferal carbonates. Here we apply these techniques to characterize diagenetic phases present in foraminiferal shells from Ocean Drilling Program Site 1240 in the Panama Basin, a region characterized by the presence of manganese-rich minerals in the sediments. The combined application of these techniques allows us to characterize the elemental and spatial distribution on the surface and across the foraminiferal shells. Results illustrate the presence of at least two different Mn-rich contaminant phases in the foraminiferal carbonates: Mn-rich carbonates and ferromanganese oxides. Elemental maps also highlight the relevance of the foraminifera shell texture and porosity in the distribution and formation of these contaminant phases. In the case of Neogloboquadrina dutertrei, Mn phases form a continuous thin layer in the inner part of the chambers, whereas for Globigerinoides ruber, Mn phases have a rather patchy distribution and are usually found within the pores. Significant high magnesium concentrations are always associated with these Mn-rich phases. These new findings support the need of removing these Mn-rich contaminant phases in order to measure accurately the Mg/Ca ratios in the foraminifera shell and therefore obtain reliable Mg/Ca paleotemperature reconstructions.
Introduction
[2] Knowledge of trace element distributions in foraminiferal carbonate obtained with microanalytical techniques has substantially improved our understanding of trace elements as paleoenvironmental proxies [Anand and Elderfield, 2005; Sadekov et al., 2008] . Tools such as secondary ion mass spectrometry (SIMS) [Allison and Austin, 2003; Bice et al., 2005; Kunioka et al., 2006] and especially laser ablation inductively coupled plasma -mass spectrometry (LA-ICP-MS) and electron microprobe mapping (EMP) [Eggins et al., 2003 [Eggins et al., , 2004 Hathorne et al., 2003; Reichart et al., 2003; Sadekov et al., 2005; Toyofuku and Kitazato, 2005; Wu and Hillaire-Marcel, 1995] have been particularly useful in this regard. Both LA-ICP-MS and EMP have proved to be a valuable source of information in constraining the paleoecology of planktonic [Eggins et al., 2003 [Eggins et al., , 2004 Sadekov et al., 2005] and benthic foraminifera [Toyofuku and Kitazato, 2005] . Pena et al. [2005] have further applied the LA-ICP-MS compositional depth profiling technique to identify Mn-Mg-rich contaminant phases and to assess the efficiency of different cleaning protocols for measuring the Mg/Ca ratios of foraminiferal tests. That study documented evidence for the presence of Mn-rich contaminant phases and identified the Mn-rich carbonate, kutnahorite. The present study goes one step further by using EMP mapping to characterize the spatial distribution and extent of Mn-Mg-rich contaminant phases within foraminifera tests. This approach provides new insight into the nature and formation of these phases, and is a powerful tool for diagnosing contamination problems and ensuring the effectiveness of the applied cleaning protocols prior to trace element analysis. This basin is characterized by typical sediments that are especially rich in manganese minerals. This is partially caused by the level of biological productivity in the region, which is among the highest found in the oceans [Moore et al., 1973] . The strong upwelling conditions are also accompanied by hydrothermal activity, resulting in the supply of relatively large amounts of both biogenic reactive organic carbon and hydrothermal manganese to the seafloor [Aller, 1990] . Additional dissolved manganese comes through relatively unaltered seawater flow in the underlying basement which has been well constrained in regions of the central equatorial Pacific [Baker et al., 1991] . The high organic carbon supply to the bottom enhances the consumption of oxygen, and results in oxygen depletion within a few centimeters of the sediment-water interface [Pedersen and Price, 1982; Reimers, 1987] . These conditions promote manganese reduction reactions and the total estimated annual flux of carbon can apparently be oxidized [Aller, 1990] . The dissolution of manganese oxides in deeper sediments under reducing conditions results in an upward diffusion of dissolved Mn 2+ ions and reprecipitation of Mn 4+ as oxides where higher redox potentials exist, usually near the sediment-water interface [Pedersen and Price, 1982] . Under anoxic conditions the maximum dissolved manganese concentration in interstitial pore waters is typically limited by the precipitation of manganese carbonates. Authigenic Mn-carbonate phases have been previously identified in sediments from the Panama Basin [Boyle, 1983; Pedersen and Price, 1982] and further confirmed and characterized [Pena et al., 2005] .
Regional Setting

Experimental Setup
[4] Two different planktonic foraminifera species (N. dutertrei and G. ruber) were handpicked from five sediment samples selected from within a Mnrich interval at Site 1240 where kutnahorite-like minerals were identified to be present within foraminifera tests [Pena et al., 2005] . The selected interval is of Pleistocene age (128.07 ka and 128.52 ka), corresponding with the penultimate deglaciation (Termination II) and accordingly with the isotopic stratigraphy available for Site 1240 [Pena et al., 2008] . Bulk sediments were wet sieved (>63 mm) with distilled water and dried. The sampling of foraminifera for analysis was [5] We used a Cameca SX-100 electron microprobe to generate element distribution maps for Ca, Mg, Mn and Fe within cross-sections of planktonic foraminifera walls. These analyses were performed at the Research School of Earth Sciences (RSES), the Australian National University, where this technique had been applied previously to foraminifera carbonates [Eggins et al., 2004; Sadekov et al., 2005] . The Cameca SX-100 was operated in Wavelength Dispersive Spectrometry (WDS) mode with different Ka X-ray lines for each element and using four spectrometers and three different spectrometer crystals (PET, TAP and LLIF) to simultaneously measure the elements Ca (PET), Mg (TAP), Mn (LLIF) and Fe (LLIF). Small excitation volumes were achieved by setting up the column conditions with an accelerating voltage of 20 kV and a beam current of 20 nA. The selected areas were mapped using a 1 mm step size and 0.5 s dwell time. The results are illustrated as maps of relative measured intensities (counts per second) for the different elements within foraminifera wall cross sections. Where Ca intensities have fallen below 3000 cps (as compared to 5000 cps in ''pure'' foraminiferal carbonate) values have been assumed to be zero in order to delineate and remove ''edge effects'' that are encountered with EMP analysis [Sadekov et al., 2005] . In view of difficulty in accurately calibrating EMP intensity maps to elemental concentrations [e.g., Eggins et al., 2004; Sadekov et al., 2005] , we have chosen to present our results as simple element intensity maps. These are a highly valuable tool that clearly show contaminant distribution patterns in foraminiferal carbonates and avoid misinterpretations that can otherwise arise from incorrectly calibrated elemental concentrations.
[6] The LA-ICP-MS compositional depth profiling technique used in this work was also carried out at the RSES, the Australian National University, and has been comprehensively described by [Eggins et al., 2003 [Eggins et al., , 2004 and later applied by [Pena et al., 2005] to identify contaminant phases and assess the efficiency of cleaning protocols on foraminiferal tests. The laser ablation system comprises a pulsed ArF Excimer laser (l = 193 nm), coupled to an Agilent 7500 s quadrupole mass spectrometer via a custom built laser ablation cell and sample transport system. Layers of uniform diameter (30 mm) and thickness (0.1 mm) are ablated from foraminifera shell surfaces with each laser pulse, at a pulse repetition rate of 4 Hz and relatively low laser fluence of 4 J/cm 2 . The custom built ablation cell was designed to minimize particulate residence times (t 1/2 0.35s) and thereby provide submicron depth resolution. The material ablated from progressively deepening ablation pits was transported via a mixed Ar-He gas flow to the ICP-MS. Five isotopes (three trace elements) were simultaneously measured by repeated, rapid sequential peak hopping (1 point/peak, dwell time = 10 -30 ms) between selected isotopes ( 24 Mg, 25 Mg, 43 Ca, 44 Ca and 55 Mn), for a total mass cycle time of <200 ms. The ICP-MS was optimized for sensitivity across the analyte mass range and also for low molecular species production (by maintaining ThO + /Th + < 0.5%). Data reduction from raw time resolved spectra involves screening of spectra for outliers, followed by subtraction of mean background intensities (measured with the laser off), and then calibration of instrument re- sponse to the NIST610 glass standard reference material.
Results and Discussion
[7] The N. dutertrei EMP results show a characteristic element distribution pattern across foraminifera shell walls (Figures 1a -1n) , with the presence of a relatively Ca-rich inner layer that is also enriched in Mg and particularly in Mn but without traces of Fe. These results indicate that this inner layer is composed of a Mn-Mg-rich carbonate as opposed to Fe-Mn oxides. The presence of a Mn-Mg-rich carbonate was previously identified by means of X-ray diffraction as kutnahorite (Ca(Mn, Mg)(CO 3 ) 2 ) in the same sediment samples [Pena et al., 2005] . Detailed inspection of the element maps indicates the presence of some Fe rich areas infilling the outermost pores of the foraminifera shell (Figures 1d and 1k ). These pore fillings are also associated with relatively high Mg values but not with high Mn levels. The intensity ratios for these elements relative to calcium (Figures 1e-1g and 1i-1n) further confirm these observations.
[8] Laser ablation-ICP-MS element profiles obtained from the same samples provide a more quantitative picture that confirms the presence and character of this inner carbonate layer which has Mg/Ca ratios up to 6 mmol/mol and Mn/Ca ratios up to 25 mmol/mol (Figure 2 ). These results are in agreement with previous data reported by [Pena et al., 2005] for the mineral kutnahorite. The laser profiles extend for differing lengths which correspond to the thickness of the different foraminifera chamber walls. In all cases, they confirm a consistent pattern of relatively constant Mg/Ca and Mn/Ca values through the shell, with rapid and parallel increase in both elemental ratios at the innermost part of the chamber wall. There are significant differences between the average ratios of the different foraminifera chambers, ranging between 1 mmol/mol and 6 mmol/mol in Mg/Ca and from ''normal'' values of Mn/Ca up to 25 mmol/mol at the inner wall. The origin of the different internal Mg/Ca and Mn/Ca ratio values of the different foraminifera chambers have been discussed at length in previous studies [Eggins et al., 2003; Sadekov et al., 2005] . It is interesting to note from the EMPs shown herein that the inner Mn-Mg rich carbonate layer appears to be weakly attached to the actual foraminiferal carbonate. The Ca maps show the existence of gaps and void space separating these compositionally distinct carbonates (Figures 1a and 1h) , and supporting the diagenetic nature of this inner layer. Despite the presence of the inner diagenetic coating, the original shell chemistry seems to be well preserved ( Figure 2b ) and therefore may maintain its original Mg/Ca ratio which could be measured after removal of the coatings. A previous study of these samples addressed the efficiency of different cleaning protocols in removing these contaminant layers [Pena et al., 2005] , and proposed that the removal of kutnahorite-like minerals during the ''reductive'' cleaning step may result from a higher susceptibility of these thin layers compared to the foraminifera wall calcite. The new EMP maps presented here show that this inner thin layer of diagenetic calcite is weakly attached to the foraminiferal wall (Figures 1f and 1m ) which may favor the removal of this layer either by mechanical (foraminifera crushing and/or ultrasonication) or by chemical (reductive) means during the cleaning protocols performed for trace elements analyses. The Pena et al. [2005] study also proposed the potential presence of manganese oxides (MnO x ) between the foraminiferal shell and the diagenetic calcite and that their dissolution during the ''reductive'' cleaning step could promote the removal and/or dissolution of the kutnahorite layers. In this regard, Figure 1g suggests the presence of relatively high Fe/Ca ratios between the N. dutertrei shell and the diagenetic layers that might indicate the presence of Fe-Mn oxides; however, this most likely is an edge effect artifact due to the low Ca intensities in this region of the shell.
[9] The EMP maps of G. ruber wall sections show different element distribution patterns that can also be associated with the presence of contaminant phases within the foraminifera shell (Figures 3 Figure 1 . Electron microprobe elemental mappings of two N. dutertrei individuals (D022 and D031; see Table 1 for detailed information) on an exposed section of the foraminifera shell. (a-d, h -k) Distribution of calcium, magnesium, manganese, and iron in the foraminifera test. (e-g, l-n) Intensity ratios of Mg/Ca, Mn/Ca, and Fe/Ca distributions. All intensity values are expressed in counts per second (cps) as shown in the color bars. The counting statistics uncertainty (2s) ranges from 3% (Ca) to 15-25% (Mn, Mg, and Fe). The accompanying SEM images show the polygons selected for elemental mapping and yellow arrows pointing toward the inner Mn-rich layers. Also note the scale bars for size reference. Table 1 for detailed information). Colored profiles were assigned to correlative chambers, ordered from the last (youngest) to the first (oldest) chamber in N. dutertrei individuals (i.e., f is the last formed chamber, and f-5 is the first). Elemental ratios are expressed in mmol/mol, and depth profiles are expressed in and 4). In G. ruber, Mn enrichment also occurs preferentially at the inner part of the foraminifera shell walls but their chemical and physical properties are significantly different than described above for N. dutertrei (Figures 3e-3f, 3l , 3m, 4e, and 4f). Unlike in N. dutertrei the Mn-rich calcite layer is not de-attached from the main foraminifera carbonate. In addition, Fe is concentrated around pore margins located near the inner shell wall (Figure 3k ) and further within the foraminifera wall (Figures 3d  and 4d ). These Fe-rich ''hot spots'' are also characterized by high Mn and Mg intensities but low or absent Ca counts (Figures 3a-3d and 3h-3k) as shown by the element intensity Figure 3 . Electron microprobe elemental mappings of two G. ruber individuals (R021 and R022; see Table 1 for detailed information) on an exposed section of the foraminifera shell. ratios maps (Figures 3e-3g , 3l-3n, and 4e-4g).
As a consequence, we are able to identify two different contaminant phases in these G. ruber samples. First is a Mn-Mg rich carbonate which is not restricted to a thin inner wall layer but has a more heterogeneous and penetrative presence within the foraminifera wall. The second is more likely to be Mn-Fe oxide phase(s) that are always associated to high Mg values. Laser ablation-ICP-MS profiles confirm the lack of well defined inner Mn-Mg rich carbonate layers in G. ruber and show a considerable spread in the average element ratio compositions of the individual chambers, ranging from 3.3 to 4.7 mmol/mol for Mg/Ca and from 2.0 to 3.1 mmol/mol for Mn/Ca (Figures 5a-5i ). These ratio values are low compared to those associated with the ''kutnahorite'' inner layer in the N. dutertrei samples. But, on the other hand, G. ruber Mn/Ca ratios are always higher than those recorded by the true foraminifer calcite in N. dutertrei. Because laser ablation pits are about 30 mm diameter they incorporate several pores and spine holes in each profile measurement, and consequently are an average of the true foraminifera shell and any contaminants contained within the ablated pores, which may include both Fe-Mn oxides and Mn-Mg carbonates. The fact that these contaminant phases occur pervasively within the foraminifera porosity (Figures 3d-3k and 4d), rather than as an homogeneous layer at the inner side of the chamber, makes them difficult to discriminate by the laser ablation technique. However, the electron microprobe mapping clearly identifies the location of these Fe-Mn oxides within the foraminifera shell, especially their association with pores. This explains both the heterogeneous laser profiles that are often obtained for G. ruber and the rather erratic pattern recorded in the laser profiles for this species. The elimination of these contaminant phases by the standard cleaning protocols developed for trace element measurements may also be difficult and this could explain why the Mn/Ca ratios of G. ruber show generally higher background levels than those of N. dutertrei after cleaning [Pena et al., 2005] . In the case of N. dutertrei, its porosity is less penetrative and he contaminant phases are homogeneously distributed in a thin layer near the inner part of the shell, which allows for more efficient removal during cleaning.
[10] These new results highlight the value of characterizing the chemical nature of contaminant phases attached to foraminifera shells that have the potential to compromise accurate proxy reconstructions based on elemental ratios (i.e., Mg/Ca). The results we have presented demonstrate that all Mn-rich phases are associated to high Mg values and, consequently, that it is necessary to completely remove or at least significantly reduce the levels of the Mn-rich contaminant phases in order to obtain reliable paleotemperature reconstructions. In this regard, the application of LA-ICP-MS in samples cleaned through different protocols demonstrated that Mn-enriched phases could be satisfactorily removed by the inclusion of the so-called ''reductive step'' in the cleaning protocol [Pena et al., 2005] . However, the application of this step has co-lateral implications since it also induces partial dissolution of the actual foraminiferal calcite and thereby can cause further decrease in measured Mg/Ca ratios [Boyle, 1981; Brown and Ederfield, 1996; Martin and Lea, 2002; Rosenthal et al., 2000] . Some studies have argued in favor of the elimination of this cleaning step in order to avoid this partial dissolution [Yu et al., 2007] . Our results indicate that the elimination of the ''reductive'' step could enhance significantly the error of temperature reconstructions since measurements would include the Mn-Mg-rich contaminant phases. We accordingly would argue that the intensive cleaning is needed and the associated problem of preferential dissolution of high Mg foraminifera shell components can be addressed by using regional species specific Mg/Ca calibrations that would compensate for the offset in the Mg/Ca ratios introduced by the reductive cleaning [Rosenthal et al., 2004] . Alternatively, the development of a less aggressive reductive chemical step could avoid problems deriving from foraminiferal calcite dissolution with existing cleaning protocols [Yu et al., 2007] .
Summary
[11] Both electron microprobe mapping and laser ablation-ICP-MS depth profiling have provided Figure 5 . Laser ablation ICP-MS profiles from three representative G. ruber individuals (R021, R022, and R023; see Table 1 for detailed information). Colored profiles were assigned to correlative chambers, ordered from the last (youngest) to the first (oldest) chamber in N. dutertrei individuals (i.e., f is the last formed chamber, and f-5 is the first). Elemental ratios are expressed in mmol/mol, and depth profiles are expressed in mm. new insights into the nature of Mn-rich contaminant phases found in planktonic foraminifera carbonates from the Panama Basin. Our results demonstrate the occurrence of at least two different Mn-rich contaminant phases that are also rich in Mg. The element map distributions reveal these phases are most likely to be Mn-Mg rich carbonates, potentially kutnahorite-like minerals, and Fe-Mn oxides. The distribution of these minerals is strongly linked to shell architecture, with more porous species (G. ruber) having more abundant contaminant phase development within pores, and less-porous species (N. dutertrei) as thin layers at the inner surface of shell walls. These differences in the spatial distribution of these mineral phases control the different Mn/Ca background levels detected between these two species after the application of trace element cleaning protocols [Pena et al., 2005] . Our results clearly illustrate the importance of applying appropriate cleaning protocols in order to produce reliable past temperature reconstructions for the ocean using Mg/Ca paleothermometry. This study highlights the importance of both identifying the chemical composition and physical location of different contaminant phases and demonstrates that LA-ICP-MS and EMP are highly valuable tools in this regard.
